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Abstract
We study the sensitivity of anomalous ZZγ and Zγγ vertex couplings hγ,Z
3
and hγ,Z
4
, which would
be powerful sign of new physics, via the subprocess γq → Zq of the main reaction pp→ pγp→ ZqX
at the LHC. We calculated limits on these couplings at 95% confidence level for various values
of integrated luminosity. It is shown that the pp → pγp → ZqX reaction provides one order of
magnitude improvement in the couplings hγ,Z
4
compared to the current experimental limits obtained
in events dominated by Zγ production from the LHC and Tevatron.
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I. INTRODUCTION
The gauge boson self-interactions are determined by the non-Abelian SU(2)L × U(1)Y
gauge group of the electroweak sector in the Standard Model (SM). Precision measurements
of these interactions will be important for the test of the SM structure. The tree-level
couplings between the Z boson and the photon (ZZγ and Zγγ) vanish in the SM. Any
detected signals of these couplings being from the SM expectations within the experimental
precision would provide crucial clues for new physics beyond the SM. These new physics
effects are parametrized at higher energies via an effective Lagrangian which reduces to the
SM at low energies.
The most general anomalous trilinear ZγZ vertex function, being consistent with Lorentz
and U(1)em gauge invariance, is given by [1, 2]:
ΓαβµZγZ(p1, p2, p3) =
p23 − p21
m2Z
[
hZ1 (p
µ
2g
αβ − pα2 gµβ) +
hZ2
M2Z
pα3
[
(p3 · p2)gµβ − pµ2pβ3
]
+hZ3 ǫ
µαβρp2ρ +
hZ4
m2Z
pα3 ǫ
µβρσp3ρp2σ
]
(1)
where mZ denotes the Z-boson mass. Formalism of this vertex is depicted in Fig.1 where e
is the charge of the proton. Further, the photon and Z boson in the final state are on-shell
while the Z boson in the initial state is off-shell. The most general Zγγ vertex function can
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FIG. 1: Feynman rule for the ZZγ vertex.
be obtained from Eq.(1) with the replacements:
p23 − p21
m2Z
→ p
2
3
m2Z
, hZi → hγi , i = 1, ..., 4 (2)
Here the overall factor p23 in the Zγγ vertex function results in electromagnetic gauge invari-
ance, while the factor p23 − p21 in the ZγZ vertex function (Eq.(1)) ensures Bose symmetry.
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TABLE I: Summary table of limits at the 95% C.L. on anomalous ZZγ and Zγγ couplings from
Zγ events.
Parameters ATLAS CMS D0 CDF LEP
h
γ
3
(-0.028,0.027) (-0.07, 0.07) (-0.027, -0.027) (-0.022, 0.020) (-0.049,0.008)
hZ3 (-0.022,0.026) (-0.05, 0.06) (-0.026, 0.026) (-0.020, 0.021) (-0.20,0.07)
h
γ
4
(-0.00021,0.00021) (-0.0005, 0.0006) (-0.0014, 0.0014) (-0.0008,0.0008) (-0.002,0.034)
hZ4 (-0.00022,0.00021) (-0.0005, 0.0005) (-0.0013, 0.0013) (-0.0009,0.0009) (-0.05,0.12)
The hZi and h
γ
i coupling constants in Eq.(1) have to be described by means of the energy-
dependent form factors in a dipolelike form due to the restriction of the ZZγ and Zγγ
couplings to their SM values at high energies at tree-level unitary [3–5]. Following Ref. [2],
the generalized dipolelike form factors are described:
hVi (sˆ) =
hVi0
(1 + sˆ/Λ2)3
; i = 1, 3 (3)
hVi (sˆ) =
hVi0
(1 + sˆ/Λ2)4
; i = 2, 4 (4)
hV3,4(h
V
1,2) couplings are CP-conserving (CP-violating). All the h
V
i couplings vanish at the
tree-level in the SM. The CP-violating couplings always cause completely imaginary am-
plitudes that do not interfere with amplitudes of SM diagrams; thus, we are interested in
the CP-conserving couplings. Also, we assume that the new physics scale Λ is above the
collision energy
√
sˆ to neglect the energy dependence of the form factors.
The 95 % C.L. intervals for anomalous ZZγ and Zγγ couplings have been provided by
ATLAS [6] for an integrated luminosity (Lint) of 1.02 fb
−1 and Λ =∞ , CMS [7] for Lint=36
pb−1 and Λ = ∞, D0 [8] for Lint=7.2 fb−1 and Λ = ∞, CDF [9] for Lint=5.1 fb−1 and
Λ = 1.5 TeV and LEP [10] obtained from Zγ events which are given in Table I.
Probing on ZZγ and Zγγ couplings has been studied in the pp [2, 11–13], e+e− [14–
20], and ep [21, 22] colliders. In this work, we focus on limits of the anomalous hV3 and
hV4 couplings via the subprocess γq → Zq of the main reaction pp → pγp → ZqX at the
LHC. Here, the quasireal photons emitted from one proton beam are described by equivalent
photon approximation (EPA) [23, 24] and can interact with quarks coming from the other
proton beam. Any process in a γ-proton collision is different from the pure deep inelastic
scattering process as a result of two distinctive experimental features. Namely, the first
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feature is the quasireal photons emitted from the proton have a low virtuality and are
scattered with small angles from the beam pipe in the framework of EPA, and for this
reason photon-emitting intact protons get away from the central detector without being
detected. This leads to a reduction in the energy deposit in the corresponding forward
region. Therefore, one of the forward regions of the central detector has a considerable lack
of energy, i.e. forward rapidity gaps. Applying a selected cut on this quantity, ordinary
pp deep inelastic processes can be sorted out. Another feature is provided by forward
detectors. Particles with large pseudorapidity can be detected from forward detectors. If
the intact proton emitting a photon is scattered with a large pseudorapidity, it escapes from
the central detectors. These protons leave a characteristic sign in the forward detectors for γ-
proton collision. These features increase interest in probing new physics via photon-induced
processes at the LHC in the literature [25–33].
II. THE CROSS SECTIONS OF THE SUBPROCESS γq → Zq
The subprocess γq → Zq of the main reaction pp → pγp → ZqX at the tree level
receives contributions from four Feynman diagrams, as shown in Fig. 2. The last two di-
agrams account for the anomalous Zγγ and ZZγ couplings, and the others depict the SM
contributions. The total cross section for the subprocess γq → Zq is obtained by integrating
the cross sections over the photon and quark distributions, where q = u, u¯, d, d¯, b, b¯, s, s¯, c, c¯.
All calculations were performed by means of the computer package CalcHEP [34], after
implementation of the vertex functions Eq. (1). During calculations, we use parton distri-
bution functions library CTEQ6L [35] and the photon spectrum in the EPA [23] embedded
in CalcHEP.
The photon spectrum in EPA as a function of photon energy Eγ and its virtuality Q
2 is
given by the following formula [23, 32, 36]:
dNγ
dEγdQ2
=
α
π
1
EγQ2
[(1− Eγ
E
)(1− Q
2
min
Q2
)FE +
E2γ
2E2
FM ] (5)
where α is the fine structure constant, and Q2min standing for the minimum photon virtuality
is given by
Q2min =
m2pE
2
γ
E(E − Eγ) .
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Here, mp is the mass of the proton and E denotes the energy of the incoming proton beam.
The functions of the electric and magnetic form factors FE and FM are displayed by
FE =
4m2pG
2
E +Q
2G2M
4m2p +Q
2
, FM = G
2
M
G2E =
G2M
7.78
= (1 +
Q2
0.71GeV2
)−4
The cross section of the process pp→ pγp→ ZqX can be expressed by integrating the cross
section for the subprocess γq → Zq over the photon and quark spectra
σ (pp→ pγp→ ZqX) =
∫ Q2max
Q2
min
dQ2
∫ x1 max
x1 min
dx1
∫ x2 max
x2 min
dx2
(
dNγ
dx1dQ2
)(
dNq
dx2
)
σˆγq→Zq(sˆ)(6)
where, x1 =
Eγ
E
, and x2 is the momentum fraction of the proton’s momentum carried by the
quark when dNq
dx2
is the quark distribution function of the proton. We have considered photon
virtuality 〈Q2〉 ≈ 0.01GeV 2, due to the low virtuality of the emitted photons in the EPA
[36]. In our calculations, we set Q2max=2 GeV
2 for which the contribution to the integral
above this value is negligible.
In Figs. 3 and 4, we plot the total cross section of the subprocess γq → Zq as a function of
anomalous hγ,Z3 and h
γ,Z
4 couplings at the center of mass energy of 14 TeV. In these figures,
only one of the anomalous couplings is kept to be different from zero. As seen from the
figures, cross sections for hZ3 couplings are larger as compared to h
γ
3 . In contrast, the cross
sections for hγ4 couplings are larger than those of h
Z
4 couplings. This is related to the fact
that, the dependencies of the terms of hZ3 (h
Z
4 ) and h
γ
3(h
γ
4) on the matrix element squared are
not the same, because of the presence of the different overall factors in the vertex functions.
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FIG. 2: Tree-level Feynman diagrams for the subprocess γq → Zq (q = u, u¯, d, d¯, b, b¯, s, s¯, c, c¯).
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FIG. 3: The total cross sections depending on anomalous hγ
3
and hZ3 couplings for the subprocess
γq → Zq with taking √s= 14 TeV.
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FIG. 4: The total cross sections depending on anomalous hγ
4
and hZ4 couplings for the subprocess
γq → Zq with taking √s= 14 TeV.
III. LIMITS ON THE ANOMALOUS ZZγ AND Zγγ COUPLINGS
One-dimensional and two-dimensional χ2 tests were applied without a systematic error to
obtain 95% C.L. on the upper limits of anomalous hγ,Z3 and h
γ,Z
4 couplings. The χ
2 function
is
χ2 =
(
σSM − σAN
σSM δ
)2
(7)
6
TABLE II: One-dimensional limits on ZZγ and Zγγ coupling parameters at 95% C.L. for the
subprocess γq → Zq with taking √s= 14 TeV.
L(fb−1) hZ3 h
Z
4 h
γ
3
h
γ
4
30 (-0.016, 0.018) (-0.000099, 0.000098) (-0.019, 0.022) (-0.000053, 0.000053)
50 (-0.014, 0.016) (-0.000088, 0.000086) (-0.017, 0.020) (-0.000047, 0.000046)
100 (-0.012, 0.013) (-0.000074, 0.000072) (-0.014, 0.017) (-0.000039, 0.000039)
200 (-0.009, 0.011) (-0.000062, 0.000061) (-0.012, 0.014) (-0.000033, 0.000033)
where δ = 1√
N
is the statistical error. The number of events are given by N = S×E×σSM ×
Lint×BR(Z → ll¯) where S is the survival probability factor, E denotes the jet reconstruction
efficiency, Lint is the integrated luminosity and l = e
− or µ−. When calculating the number
of events we assume S = 0.7 and E = 0.6 for our process, the same as in Ref. [32]. Due
to the overwhelming four jet QCD background, Z bosons decaying hadronically are not
considered here. We applied both cuts for the transverse momentum of final state quarks
to be pjT > 15 GeV and the pseudorapidity of final state quarks to be |η| < 2.5, because
ATLAS and CMS have central detectors with a pseudorapidity coverage |η| < 2.5.
If a lower cut is applied on the transverse momentum of scattered protons emitting pho-
tons in a photoproduction process, such a cut helps us to discern a photoproduction process
deduced from the usual pp backgrounds, since the transverse momenta of the scattered pro-
tons are typically pT <∼ 1 GeV [28]. Therefore, the transverse momentum of an outgoing
proton to be pT > 0.1 GeV within the photon spectrum is applied.
According to these restrictions, we have calculated σSM = 0.39 pb for γq → Zq (q =
u, u¯, d, d¯, b, b¯, s, s¯, c, c¯) at
√
s= 14 TeV. In Table II, we present 95 % C.L. sensitivity limits
on hγ,Z3 and h
γ,Z
4 for various integrated luminosities by varying one coupling at a time.
The background considered above comes from the subprocess γq → Zq of which the final
state is composed of an admixture of light quarks and jets, and dileptons originating from
Z → l+l−. In the case of b-tagging we assume the efficiency of 60%, and the miss-tagging
factors for c-quarks and light quarks are taken as 10% and 1%, respectively. Taking all
these criteria, the background cross section is diminished by 2.1%. Then, the sensitivity of
our bounds are spoiled by about a factor of 1.75 . To illustrate, the bounds on hγ4 and h
Z
4
became (-0.000069,0.000069) and (-0.00013,0.00013) for Lint=100 fb
−1, respectively. Besides,
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the other source of backgrounds is the instrumental background arising from the calorimeter
noise. The calorimeter noise can be prohibited with a suitable cut on the transverse energy
of jets (e.g. ET > 40 GeV).
When comparing these limits with the experimental bounds given in Table I, we can see
that the bounds on hγ,Z3 in the unitarity violation scheme obtained from ATLAS, D0, and
CDF are of the same order as our bounds, while the hγ,Z4 limits are 1 order weaker than
our limits. In addition, we show two-dimensional 95% C.L. limit contours for ZZγ vertex
couplings hZ3 and h
Z
4 in Fig.5 and for Zγγ vertex couplings h
γ
3 and h
γ
4 in Fig.6 at
√
s=14
TeV for various integrated luminosities. Due to the fact that the hZ,γ4 couplings come from
dimension-eight operators, the bounds are more restricted than those of hZ,γ3 which stem
from dimension-six.
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Lint = 100 fb-1
Lint = 200 fb-1
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FIG. 5: Two-dimensional 95% limit contour for anomalous hZ3 and h
Z
4 couplings for the subprocess
γq → Zq with taking √s= 14 TeV.
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FIG. 6: Two-dimensional 95% limit contour for anomalous hγ
3
and hγ
4
couplings for the subprocess
γq → Zq with taking √s= 14 TeV.
IV. CONCLUSIONS
We have examined the model-independent parametrization of anomalous ZZγ and Zγγ
vertex couplings hV3 and h
V
4 within the effective operator approach via the subprocess γq →
Zq of the main reaction pp → pγp → ZqX at the LHC with a center of mass energy of 14
TeV. The potential of the LHC to probe anomalous ZZγ and Zγγ couplings is analyzed
via hadronic Zγ production at
√
s=14 TeV with the integrated luminosity of 10 and 100
fb−1 [11]. The limits obtained via the pp → Zγ + X → 6 pTγ + X process in Ref.[11] are
|hZ3 | < 1.9×10−3(3.4×10−3) and |hZ4 | < 1.2×10−5(2.5×10−5) at the LHC with Lint=100 (10)
fb−1. Our results on hV4 are of the same order with those of Ref.[11] at Lint=100 fb
−1, while
the limits on hV3 remains one order lower. However, a photoproduction process at hadron
colliders provides a rather clean channel compared to the pure deep inelastic process due to
the detection of scattered protons emitting photons by the forward detectors. Furthermore,
the obtained results being related to the anomalous ZZγ and Zγγ vertex couplings from a
photoproduction process are complementary to traditional pp studies. Nevertheless, if we
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compare the current experimental limits with the results determined from this work, our
limits on the couplings hV4 with Lint=30 fb
−1 are one order better than the experimental
limits obtained from LHC and Tevatron as given in Table I, while the hV3 couplings are of
the same order as the current experimental limits.
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